Background: A survey was conducted to assess the uptake, and barriers to use, of geospatial tools and technologies amongst New Zealand's plantation forestry sector.
Background
Modern forest management is enhanced by geospatial tools, techniques, and technologies. Advances in Geographic Information Systems (GIS), Global Positioning Systems (GPS), and remote sensing in recent decades have provided new means of undertaking forest productivity assessment (Turcotte 2003) , forest inventory (Tomppo et al. 1999; Wulder 1998) , harvest planning (Laamanen and Kangas 2011) , infrastructure planning (Abdi et al. 2009 ), log transport (Devlin et al. 2008) , carbon reporting (Patenaude et al. 2005) , ecosystem classification (Rieman et al. 2000) , managing and optimising harvesting systems (Turcotte 2003) , and forest health monitoring (Coops et al. 2006) .
Educational advances have developed in parallel with technological advances. As a growing number of forestry graduates are trained in geospatial technologies, forestry companies and government benefit from their skill sets. The number of forestry departments requiring a remote sensing class as part of their degree requirements rose by 5% (from 75% to 80%) between 1988 (Sader et al. 1989 ) and 1998 (Sader and Vermillion 2000) . The same studies showed that by 1998, 10% of forestry departments included a GIS class in their curricula, up from 5% in 1988. By the year 2000, nearly 50% of forestry employers expected that recent graduates had been trained in GIS during their undergraduate education (Sample et al. 1999) . A review conducted in 2012 for this research showed that of the 50 universities accredited by the Society of American Foresters, 94% (47 universities) had a dedicated geospatial technology course in their undergraduate curriculum.
With the synergistic improvements of geospatial technologies and education, it is unsurprising that 81% of recent forestry and natural resource management graduates use GIS at least once a month in their jobs in the United States of America (Merry et al. 2007) . A number of software options are available. The ArcGIS software developed by ESRI (Redlands, CA, USA) is used by 57% of graduates in the field of natural resource management, while 7% use MapInfo (Pitney Bowes Software Inc., Troy, NY, USA), and 2% use ERDAS Imagine (Intergraph, Madison, AL, USA). Despite the availability of commercial products, a number of companies develop their own geospatial software, highlighted by 9% of respondents indicating they used in-house applications (Merry et al. 2007 ).
This paper expands on previous work by surveying private companies within New Zealand's forestry sector to determine their uptake and use of geospatial technologies. A specific objective of the survey was to determine what remote sensing technologies they use to acquire data for their forest estates and what geospatial software they use to create, edit, and analyse their data. Other objectives of this survey were to determine the common uses of remotely sensed data, the common analysis techniques, and whether barriers existed to acquisition and use of geospatial data for forest management. Although this study focused only on forestry companies in New Zealand, there are international implications. Of the 17 respondents, seven have international forest estates. The tools and technologies used by these respondents may be indicative of those used by those same companies in other countries.
Methods
A survey was designed to ascertain the level of uptake and identify barriers to use of GPS, GIS, as well as passive (e.g. photography) and active (e.g. LiDAR, RADAR) remote sensing. To ensure that questions were unambiguous and relevant, the survey was administered to three preliminary respondents in separate face-to-face sessions. Based on these preliminary sessions, the survey was revised and then emailed to 18 companies in New Zealand's plantation forestry sector. The survey's intended recipient was each company's geospatial manager (or similar position). A follow-up email was sent to companies if a response had not been received after six weeks.
The selection of companies for participation in the survey was informed by the list of active forest managers in the 2011/2012 New Zealand Plantation Forest Industry Facts & Figures report (NZ FOA 2012) . This process identified 16 medium and large forest management companies in New Zealand. To represent the management of relatively low net stocked areas not listed in the NZ FOA report, two small forest management companies were selected to participate in the survey. The balance of plantation forest not represented in this survey is managed by numerous small organisations and individuals with relatively low net stocked areas.
The survey was split into three segments: The survey used a mix of open-ended and closed questions. Open-ended questions followed the structured closed questions to allow respondents to provide additional information and explain their choice of answer in the closed questions. In the results sections that follow, Figures 1 and 2 as well as Tables 1 and 2 provide a summary of the closed questions, while answers to the open-ended questions are used to explain patterns in the results of closed questions.
Results

Respondent profiles
In all, 17 of the 18 companies contacted responded to the survey (94% response rate). The total area of forest managed by the respondents was approximately 1,158,000 hectares (ha) or 63% of the 1.72 million ha in New Zealand's plantation forest estate (NZ FOA 2012) . Individual companies represented in the survey managed total forest areas ranging from 4,000 ha to 200,000 ha. Small companies did not always employ a geospatial manager or similar position, so the most appropriate staff member responded as necessary (Table 3) .
Data use and acquisition by forestry companies
Data acquisition for the management of forested land is supported by the availability of national datasets. Digital topographic maps (1:50,000 and 1:250,000) and spatially explicit soil and climate data are freely available in a number of common data formats (.kml, .tif, .shp). Forestry companies made use of topographic data with 12 of the 17 (71%) using the 1:50,000 scale and eight (47%) using the 1:250,000 scale topographic maps (Figure 1 ). Just over half of all respondents (9 of 17, 53%) answered that the scale of both these datasets was too coarse, so they created finer scale topographic maps in-house. National soil datasets (e.g. texture, available water, chemistry) were used by 10 (59%) companies, while eight (47%) used climate data (e.g. precipitation, temperature) (Figure 1) .
Additional information about land and trees within forest estates was obtained by companies using remote sensing technologies. Survey results of the acquisition of remotely sensed data and the barriers to their use are presented in Table 1 . Aerial photography was the most widely acquired form of remotely sensed data. Very high resolution, aerial photography (captured from aeroplanes) was regularly used by 15 of the 17 (88%) companies surveyed; the two exceptions cited cost as the reason for not using it. Satellite-derived, high resolution, imagery was used by 3 of 16 (17%) companies regularly, while 10 (59%) other companies had tried to work with the data. This technology was not perceived to provide any benefits by three companies, while seven (41%) companies suggested cost was a deterrent, and one (6%) company cited that their staff lacked the knowledge necessary for its use. The uses of aerial photographs were varied but included tree-crop mapping prior to silviculture, at midrotation, prior to harvest, and following harvest. Other uses included identifying roads, skids, or canopy gaps formed by wind or other environmental events. Finally, aerial photographs were used as base layers for maps and in presentations. Satellite imagery including an infrared (IR) wavelength had been trialled by three (18%) companies and was regularly used by six (35%) companies (Table 1) . While three (18%) companies had never considered acquiring an IR wavelength, three (18%) didn't believe there were benefits, five (29%) suggested the cost was unjustifiable, and one (6%) said they lacked the staff knowledge to work with the data. Survey responses showed that acquisition of an IR wavelength provided companies with the same benefits as three visible band (Red Green Blue, RGB) photography or imagery, but also the ability to map and quantify mixed species stands, to detect vegetation change and growth differences over time, to identify invasive species (Pinus contorta Doug.), to detect disease, and to identify areas where erosion had occurred. While more applications were possible with the inclusion of an IR wavelength, spatial resolution generally declined ( Figure 2 ). This is not to say that the inclusion of an IR band necessarily degrades spatial resolution, but rather that acquisition of very high resolution aerial photography was typically done with a RGB sensor, while the IR band was often only collected in satellite imagery with lower resolution.
Eight (47%) companies acquired aerial photography or satellite imagery with a sub-metre resolution and another five (29%) worked with finer than 3 m resolution. One (6%) company acquired imagery with resolution between 3 -10 m, and two (12%) companies acquired 10+ m resolution imagery. In contrast, only one (6%) company acquired sub-metre resolution for aerial photographs or satellite imagery including an IR band, while two (12%) acquired better than 3 m resolution and three (18%) others acquired better than 10 m resolution. Companies were also asked whether improved spatial resolution was desirable. There was consensus amongst respondents that finer resolution was desirable, with one (6%) company suggesting that their recent acquisition of 25 cm resolution imagery allowed mapping of site preparation and young trees which was previously not possible with 50 cm resolution imagery. Two (12%) companies suggested that while resolution improvements were important, cloud and shadow-free imagery were more important. Data capture using aerial laser scanning (ALS), also known as LiDAR, has not been implemented by as many companies as has photogrammetric remote sensing technologies. Only 3 of 17 (18%) companies regularly use ALS data, but six (35%) others have tried it (Table 1) . At present, cost appears prohibitive for most companies with 11 (65%) suggesting that price was their reason for not regularly acquiring ALS data. Four (24%) companies lacked the staff expertise to use ALS data, while only a single (6%) company did not believe there were benefits to be gained. Four main products were derived from ALS data; eight (47%) companies produced digital terrain models (DTM), seven (41%) produced canopy height models (CHM), four (24%) produced volume or biomass estimates, and two (12%) produced stem counts. Respondents suggested that these outputs, in conjunction with ALS intensity data assisted with engineering efficiency, forest inventory, harvest planning, stream network mapping, flood protection modelling, and disease assessment. As ALS is an emerging technology that can produce useful data, a number of companies expressed a desire to increase their use of the data. The list of future objectives included improved stem counting algorithms, automated stand delineation, identification of undergrowth structure, creation of biodiversity indices, and resource assessment (e.g. pre-harvest inventory, silvicultural scheduling, and mid-rotation yield tables).
Terrestrial LiDAR (TLS -terrestrial laser scanning) and InSAR technologies have not been adopted by New Zealand's forestry sector. None of the 17 companies surveyed had tried either technology. With respect to TLS, nine (53%) respondents did not believe there was any benefit, five (29%) companies lacked the staff expertise, and three (18%) had never considered using the technology. Of those that had considered using TLS, 11 (65%) companies perceived cost as being a barrier. Interferometric synthetic aperture radar technology was generally not even considered for forest management (12 (71%) companies). Four (24%) companies suggested that staff knowledge was insufficient, while three (18%) companies believed cost was too high and four (24%) companies did not perceive any benefit to the technology.
Analysis of geospatial data by forestry companies
The ArcGIS suite of programs is the primary geographic information system used by New Zealand's forestry companies (Table 2) . Of the 17 companies surveyed, 14 (82%) used ArcGIS and three (18%) used MapInfo. Some companies used the free software products Quantum GIS (one (6%) company) and Google Earth (Google Inc., Mountainview, CA, USA) (nine (53%) companies) to supplement ArcGIS and MapInfo. The three (18%) companies using MapInfo in place of ArcGIS cited cost and lack of staff knowledge as the reasons for their software choice (Table 2) .
Image analysis software was not used frequently, with only two (12%) companies using ERDAS Imagine and none using ENVI (Exelis Inc., Boulder, CO, USA) or eCognition (Trimble GeoSpatial, Munich, Germany). Cost and lack of staff knowledge appear to be the greatest barriers to use, though some companies perceive no benefit and others use alternative products.
Specialist software designed specifically for forestry applications has been developed and adopted by a number of companies in New Zealand's forestry sector. Six (35%) companies use ATLAS GeoMaster (ATLAS Technology, Rotorua, NZ), seven (41%) use CYANZ (CYANZ Forestry Solutions Ltd., Rotorua, NZ) and three (18%) use Logger PC (United States Department of Agriculture Forestry Service, San Dimas, CA, USA). It should be noted that companies were given the opportunity to name any other geospatial software they used; one (6%) company used CENGEA resource planning and management software (CENGEA Solutions Inc., Vancouver, Canada).
Companies were asked about the tasks they performed with the software (listed in Table 2 ). The ArcGIS software was used as a forest record system (sometimes in conjunction with ATLAS GeoMaster) and as an operational support tool for planting, silviculture assessment, quality control, forest inventory, harvest planning, engineering, and environmental analysis. Specific uses of 
Discussion
Data use and acquisition
The survey results showed a greater number of companies used the large scale 1:50,000 (fine) than the small scale 1:250,000 (coarse) topographic maps. Also, 53% of respondents stated that they produce operational scale topographic maps in-house, as even the relatively large scale 1:50,000 maps were too coarse. The inference that topographic data resolution is poor for operational use is further supported by the fact that DTMs were the most produced ALS data output by forestry companies. Evidently, the benefits of a fine-resolution topographic model can outweigh the cost associated with ALS. Questions about the utility of soil and climate datasets must also be asked considering the low rate of use of these freely available datasets amongst forestry companies. These datasets are based on a limited number of point observations and are derived using interpolation algorithms such that error at the forest stand or block scale is probable (Leathwick et al. 2002) . Moreover, the distribution of observation points is much denser in agriculturally productive regions (Leathwick et al. 2002) , whereas plantation forestry is generally confined to marginally productive lands. Another potential explanation is that productivity models used by forest management companies already incorporate climate and/or soil data (e.g. Palmer et al. 2010) , such that use of additional soil or climate data would be redundant. So, despite their fine resolution (25 m), the inherent constraints of soil and climate datasets limits their use in operational forestry.
The data used most by forestry companies were aerial photographs, with the vast majority requiring finer than 3 m spatial resolution imagery. Finer resolution imagery was desirable as increased accuracy allowed for broader application. Historic trends suggest that finer resolution is all but assured; as complementary metal-oxide-semiconductor (CMOS) sensor technology continues to improve exponentially (Fossum 1997) , resolution improvements will follow. Imagery providers will undoubtedly be motivated to adopt new sensor technology in order to provide customers with the best possible aerial photographs.
Only one third of forestry companies acquired aerial photographs or satellite imagery including an infrared wavelength despite clear benefits for assessing forest health (e.g. Coops et al. 2006; Olthof and King 2000) , monitoring structure (e.g. Hill et al. 2011) , and for planning (Watt and Watt 2011) . Given that six (35%) respondents had either not considered or saw no benefit to an IR band, it is possible that the advantages of this imagery are not well understood. This is supported by comments from respondents who did not acquire multi-spectral imagery but desired shadow-free aerial photography or satellite imagery. Because IR wavelengths falls outside the visible light spectrum, indices (e.g. normalised difference vegetation index) derived from multi-spectral imagery can provide information about the forest resource that is obscured by shade in RGB imagery (Greer et al. 1990 ), thus solving the desire for shadow-free imagery. Perhaps it will be adopted in favour of RGB photography or imagery as forestry companies learn more about the benefits of multi-spectral imagery. Multi-spectral imagery appears especially useful for monitoring forest structure when combined with ALS data (Donoghue and Watt 2006) .
Few forestry companies in New Zealand regularly make use of ALS data, but the fact that twice as many companies have tried the data compared to those who use it regularly might suggest that uptake is progressing, albeit slowly. Supporting that inference is the fact that all forestry companies had at least considered using ALS data and only one (6%) company didn't believe there were any benefits. As suggested by the responses, the major barrier to uptake is the cost, which depends on the size and degree of fragmentation of the forest estate (Adams et al. 2011) . Typically, the cost per hectare decreases with increasing forest size and connectivity. Anecdotally, the value for cost question is often discussed by forest information analysts and managers. Though the primary output of ALS data in New Zealand remains the digital terrain model, the derivation of canopy height models (González-Ferreiro et al. 2012) , site index models (Chen and Zhu 2012) , carbon estimates (Beets et al. 2012) , stocking (Stone et al. 2011) , and fuel loading estimates (Wing et al. 2012 ) might add value and justify the cost. As with the cost of aerial photography and satellite imagery, which is decreasing for a given resolution, it is reasonable to expect that the cost of acquiring ALS data will decrease, potentially removing cost as a significant barrier to uptake in the future.
The lack of staff knowledge with respect to ALS data analysis cannot be overlooked, but should not be considered an insurmountable barrier. With continued integration of GIS and remote sensing education in forestry degrees (see Sader and Vermillion 2000) , graduates will have the skills and confidence to work with these complex datasets. The significant benefits for a variety of forestry activities derived from ALS (Akay et al. 2009 ) are sufficient to garner interest by New Zealand's forestry companies despite the barriers to uptake.
The same cannot be said for either terrestrial LiDAR or radar remote sensing technologies. Neither technology has been trialled by any of the forestry companies surveyed. With respect to TLS, the perceived lack of benefit is possibly justified given the inherent issue of scale. But, while TLS is not designed to provide details of the whole forest, there are some unrecognised benefits to using TLS at the plot level. Terrestrial laser scanning data can be used to produce spatially accurate 3D models of trees for accurately determining log yields and stand values (Murphy 2008) , species differentiation (Puttonen et al. 2010) , and even canopy gap fraction and leaf area index assessment (Jupp et al. 2009) . A comprehensive review of applications of terrestrial laser scanning in forestry can be found in Dassot et al. (2011) . Some of these benefits are certainly applicable to New Zealand's forestry sector so potential exists for the technology to be adopted by some companies once barriers to use are overcome.
The major benefit to the use of radar imagery is its ability to acquire imagery irrespective of weather or illumination (Balzter 2001) . It has proven especially useful for land cover mapping of vast regions, like the world's rainforests (Rosenqvist et al. 2000) . But with no companies responding that they use InSAR imagery, it is evident that the technology is simply not considered in modern forest management in New Zealand. It is assumed that: (a) the spatial resolution of InSAR, with units of tens of metres (Balzter 2001) , cannot provide sufficient detail for operational use; and (b) the relationship between radar backscatter and biomass becomes saturated at higher biomass levels (Dobson et al. 1992; Imhoff 1995) , again limiting utility of InSAR for operational use. Common tasks like boundary mapping and feature identification are more accurate when using imagery from passive optical sensors, where resolution is generally expressed in centimetres. Though InSAR can be used for volume and biomass estimation, accuracy of synthetic aperture radar (SAR) decreases sharply above volumes of only 150 m 3 ha -1 (Koch 2010 ). This is untenable in NZ's plantation forestry sector, where wood volume exceeds this threshold by half way through a rotation (Ministry for Primary Industries 2011).
Analysis of geospatial data
The ArcGIS software suite was favoured by New Zealand's forestry companies for analysing, storing, and presenting their forestry-related geographic data. Preference for ArcGIS over MapInfo has previously been reported, as has low uptake and use of image analysis software (Merry et al. 2007 ). This previous research had surveyed natural resource managers, so the context was not identical to this study, but nevertheless the agreement between studies is indicative of preference for, and utility of, specific software. It is possible that even fewer forestry companies will invest in specialised image-analysis software given improvements in image analysis in recent versions of ArcGIS.
Another similarity between the Merry et al. (2007) study and the current one is the use of specialist software. Though generic GIS software packages are used by all New Zealand forestry companies who responded to this survey, there is a clear need for software designed to achieve specific tasks. As an example, ATLAS GeoMaster allows spatial and temporal monitoring of operational aspects of forest management and is used by approximately one third of respondents. It integrates with ArcGIS, thus allowing users to benefit from the latter's familiar user interface and analytical power, but also the specialised forest management functions within ATLAS Geomaster. The development of extensions for ArcGIS is a direction also taken by Geographic Business Solutions Ltd., and their CHPS software, which is specifically designed to aid with cable harvest planning. Intimate knowledge of the needs of New Zealand forest industry has allowed these local companies to develop these niche software products.
Conclusion
New Zealand relies on the forestry sector to satisfy both a domestic demand for wood as well as a large export market. While New Zealand's various government departments and crown research institutes can support industry by supplying topographic, climate, and soil data (Land Information New Zealand 2009), the resolution of currently available data is generally too coarse to be useful at an operational level. This gap in data availability has forced companies in New Zealand's plantation forestry sector to supplement these freely available datasets with site-specific ground-based data and remotely sensed data. These results suggest that government could support forest industry by developing a national spatial data infrastructure comprising freely-available high-resolution data. As such, it is well timed that Land Information New Zealand (LINZ) are leading a coordinated governmental effort to develop a national infrastructure for spatial data, including topographic data. This represents an opportunity for the forestry sector to communicate its needs and ensure that national topographic maps are available at a scale useful for operational forestry.
Acquisition of finer than 3 m resolution RGB imagery is common, but few companies have explored the additional benefits that can be gained by acquiring imagery including an infrared band. If the plantation forestry sector diversifies the species planted, there may be greater uptake of multi-spectral imagery. The global trend towards using LiDAR data in forest management has been adopted by a small number of New Zealand forestry companies, but interest is widespread. Tertiary education providers need to ensure that they are providing graduates with the necessary skills to understand and analyse LiDAR data, so that as cost becomes less of a barrier to uptake, lack of staff knowledge does not become the limiting factor.
The use of generic GIS software (ArcGIS or MapInfo) was common amongst all respondents, but it is also evident that software designed to address specific operational tasks are highly useful for New Zealand's forestry companies. While the forestry sector's core export will continue to be wood, the area of software development for forestry presents an opportunity to export a highvalue technology. New Zealand software products such as ATLAS GeoMaster and CHPS are well placed to gain global interest as they integrate with ArcGIS, which has an estimated 40% of the global GIS market share.
These results represent the responses of 17 forestry companies controlling 63% of New Zealand's plantation forestry estate. Of the companies represented, seven also have international forestry operations, so these results may yield insight into global adoption of geospatial tools and technologies. 
